The nucleotide sequence of a cloned cDNA copy of the mRNA coding for the hemagglutinin-neuraminidase of the paramyxovirus SV5 was determined. There was a single large open reading frame on the mRNA which encoded a protein of 565 amino acids with a molecular weight of 62,134. The deduced amino acid sequence indicated that the only major hydrophobic region in the protein sufficiently long to anchor the protein in the membrane is located near the N terminus (amino acids 18 to 36). It is suggested that, like the influenza virus neuraminidase, hemagglutinin-neuraminidase of paramyxoviruses is oriented with its N terminus inserted into the membrane.
The parainfluenza virus simian virus 5 (SV5) is a member of the paramyxovirus family of negative-strand RNA viruses. The virion contains six major structural proteins designated NP, P, M, F, HN (hemagglutinin-neuraminidase), and L that are encoded by mRNAs which are transcribed from the single-stranded genome 50S RNA by the virion polymerase (reviewed in reference 11). The SV5 virion contains an envelope consisting of a membrane with a nonglycosylated protein (M) associated with its inner surface and two integral membrane glycoproteins (HN and F) which form spikelike projections on the outer surface (4). These glycoproteins have been isolated and purified in biologically active forms (25) (26) (27) , and from these studies it has been established that HN has both receptor-binding (hemagglutinating) and neuraminidase activity and that F is involved in virus penetration, hemolysis, and cell fusion (25) (26) (27) .
The role of HN in adsorption of virus particles to the cell surface (receptor binding) is apparent, but the role in the replicative cycle of the neuraminidase activity, which cleaves terminal N-acetylneuraminic acid (sialic acid) from carbohydrate chains in glycoproteins, is not completely understood. The available evidence is compatible with the idea that the neuraminidase activity promotes the efficient spread of virus by allowing virions to become dissociated from neuraminic acid-containing glycoproteins (5) . Another important feature of the HN glycoprotein is its role as a major antigenic determinant of the paramyxoviruses, and HN antibodies neutralize the virus in neutralization assays. However, to prevent spread of virus between infected cells, antibodies to both HN and F are required (19) .
To investigate the primary structure of the SV5 polypeptides, a library of cDNA clones to mRNAs from SV5-infected CV1 cells was synthesized (21) . From this library, clones containing sequences specific for NP, P, M, HN, and F were identified. Some of these cloned cDNAs are thought to have been derived from polycistronic mRNA transcripts because they contain inserts that are larger than individual SV5 mRNAs, they hybridize to more than one monocistronic mRNA and larger RNAs in RNA blotting experiments, and in hybrid-arrested translation assays they prevent the synthesis of more than one SV5-specific poly-* Corresponding author.
peptide (21) . The nucleotide sequence of clone Fc, a clone which was considered to have been derived from a polycistronic transcript (5'-M-F-3'), showed that the cDNA was a complete copy of the F mRNA and in addition contained 177 nucleotides of the M mRNA (21, 22) .
To understand better the structure of the HN polypeptide, we obtained a full-length cDNA clone from which the complete sequence of the HN mRNA and the deduced protein sequence were derived. The location of the major hydrophobic amino acid domain suggests that the HN protein is embedded in membranes by its N terminus.
MATERIALS AND METHODS HN-specific cDNA clones. A portion of the cDNA library derived from SV5-infected CV1-cell mRNAs was screened by colony hybridization, with 32P-labeled HN-specific cDNA as a probe (21) . Colonies positive for HN-specific sequences were analyzed for the size of the plasmid insert DNA by using minipreps of plasmid DNA, PstI digestions, and agarose gel electrophoresis (15) . Two clones, HN36 and HN177, containing inserts larger than 2,000 base pairs (bp) were chosen for further analysis. The origin of the plasmid insert cDNA was reconfirmed to be HN specific in hybridarrested translation assays (21) .
Nucleotide sequencing. Clone HN177 was used to obtain the complete nucleotide sequence of the HN mRNA, and clone HN36 was used to confirm the 5'-end region. Sequence analysis was done as described previously (18) .
Nuclease S1 and primer extension analysis. Polyadenylic acid [poly(A)]-containing mRNAs from SV5-infected CV1 cells were isolated as described previously (21) . To determine the 5' end of the SV5 HN mRNA, nuclease S1 analysis was done as described previously (14) (21) . The origin of the cDNA inserts was reconfirmed by finding that the insert DNA prevented the synthesis of HN in hybrid-arrested translation assays.
Clone HN177 was chosen as the first clone for sequencing. 5'-end-labeled restriction fragments were prepared and sequenced by partial base-specific chemical cleavages (18) by the strategy shown in Fig. 1 . All restriction sites used were overlapped, and the sequences of both strands were determined for >99% of the clone.
The nucleotide sequence of clone HN177, in the mRNA sense, is shown in Fig. 2 (Fig. 4a) . The size of the smaller extended product mapped the 5' end of HN monocistronic mRNAs to nucleotide 1 (Fig. 2) , and the DNA sequence of this extended product (Fig. 4b) site, the number of adenosine residues transcribed from 50S RNA versus the number added by polyadenylation cannot be determined. However, a minimum estimate for the length of the HN mRNA species is 1,869 nucleotides [excluding the poly(A) tail], which agrees well with the size determined by RNA blot analysis (21) .
DISCUSSION
The deduced amino acid sequence of the HN protein of SV5, derived from a representative clone of the mRNA, indicated that the protein contains 565 amino acids and has a molecular weight of 62,134. The unglycosylated HN protein synthesized in vitro was found to have a molecular weight of 55,000, suggesting that the mobility of HN on polyacrylamide gels is aberrant. Direct examination of the glycopeptides of HN indicated that there are three carbohydrate chains (24) , and although the sequence indicated that there are six potential glycosylation sites of the form Asn-XSer/Thr, two of these have X = proline and one has X = cysteine, and therefore, these three sites are unlikely to be glycosylated (20) .
The SV5 HN protein is an integral membrane protein and can only be released from the viral envelope by detergent or protease treatment (28) . The protease-released HN is smaller than the detergent-solubilized HN by an estimated molecular weight of 6,000, and protease-released HN is water soluble, lacking the hydrophobic region that causes detergent-solubilized HN to aggregate on removal of the detergent (25, 28) . It has been suggested previously that the hydrophobic membrane-associated region of the molecule is at the C terminus, based on the finding that HN and protease-released HN have blocked N termini (5, 28) .
An examination of the complete amino acid sequence of HN shows only one major hydrophobic region that is sufficiently long for attachment of the protein to the membrane, and it is located near the N terminus extending from amino acid residue 18 to 36. The hydropathy plot (12) indicates that this N-terminal region has an index of >2 (Fig.  5) , and for a segment of this length, it is a value normally found for regions of proteins which interact with membranes (12) . It seems likely that HN contains an extended signal sequence which both transfers the protein across the membrane and remains in the bilayer to anchor the protein with the first 17 N-terminal amino acids protruding on the cytoplasmic side of the membrane as a hydrophilic tail. A possible mechanism for translocation of the protein across the membrane is the insertion of an N-terminal loop into the membrane, leaving 17 N-terminal amino acids on the cytoplasmic side, and subsequent threading of the remainder of Fig. 3 the chain through the membrane channel (1, 10) . An N-terminal-region attachment of HN in membranes also suggests the absence of proteolytic cleavage of the N terminus during cotranslational membrane insertion. This is supported indirectly by the finding that HN synthesized in vitro has the same gel electrophoretic mobility as HN synthesized in vivo in the presence of the glycosylation inhibitor tunicamycin (21) .
Recently, further indirect evidence in support of an N-terminal attachment of HN has been obtained from amino acid sequencing of the C terminus of HN of the Ulster strain of Newcastle disease virus (29) . The HN of this strain is synthesized as a precursor, HNO, which is converted into the biologically active glycoprotein by proteolytic removal of a small glycosylated fragment (molecular weight, 9,000) (9) . Protein sequencing studies indicated that the N termini of HNo and HN appeared blocked, but the C termini of HNo and HN were different. In addition, the N terminus of the proteolytically released 9,000-molecular-weight glycopeptide could be sequenced, indicating that the 9,000-molecular-weight glycopeptide originated from the C terminus of HNo (29) . It was concluded that the most straightforward interpretation of the data is an N-terminal insertion of HN in the membrane (29) . A possible explanation for the finding that the N terminus of SV5 protease-released HN is blocked to Edman degradation (5, 28) is that cyclization of a newly liberated glutamine or asparagine occurred after chymotrypsin treatment.
Although the attachment of proteins to membranes through a hydrophobic N terminus does have a precedent in the orientation of intestinal brush-border aminopeptidase (17) and isomaltase (3, 17) , the only viral protein known to date with this orientation is the influenza virus neuraminidase (NA) (2, 8) . This is especially interesting since HN is functionally related to both influenza virus NA and hemaglutinin but displays a structural characteristic that resembles NA. A comparison of the relative hydrophobicity of the N-terminal regions can be seen in Fig. 5 .
It was of interest to examine the nucleotide and amino acid sequences of SV5 HN and influenza NA (8, 16) and hemagglutinin (31) to search for possible regions of homology. Computer-assisted comparison of the sequences for regions of seven identical nucleotides by using a matrix program (13) or an alignment of the sequences by using the best-fit algorithm (7) detected no obvious domains of close homology. Similarly, at the amino acid level, only scattered matches of three residues were found, with no concentration of matches corresponding to the active sites of either NA (6, 30) or hemagglutinin (32) . Therefore, the sequence of HN alone does not resolve the question of whether there is one active site on the HN molecule involved in binding the cellular receptor and then cleaving sialic acid (25, 27) or, alternatively, whether there are two separate sites for the hemagglutinating and NA activities (23) . However, the probable N-terminal anchorage of HN is a structural characteristic exhibited by the influenza virus NA.
